ABSTRACT Considering the pressure gain characteristic of continuously rotating detonation (CRD) combustion, a rotating detonation gas turbine cycle was established using methane as fuel. The variation of pressure gain characteristic and its influence on cycle performance at different compressor pressure ratios and air distribution proportions were investigated combined with a series of two-dimensional numerical simulations. The results were demonstrated that compared with the conventional approximate iso-pressure combustion, rotating detonation combustion could significantly improve the thermodynamic performance of gas turbine in various conditions. Due to the difference of entropy generation between rotating detonation and iso-pressure combustion, the pressure gain characteristic of the CRD combustor was provided a higher cycle efficiency. The efficiency gain was higher at lower compressor pressure ratio and air proportion entering CRD combustor. In the calculated cases, the pressurization ratio of the CRD combustor was higher than 1.37, cycle efficiencies of rotating detonation gas turbine were reached 0.395, cycle efficiency increasing rates were more than 22.5%, and power generation enhancements were greater than 1500 kW.
I. INTRODUCTION
Nowadays, gas turbine is playing a key role in the fields of propulsion and power generation with the advantages of power to weight ratio, maneuverability, transient response, etc. In recent years, more attractions were drawn in the developing of high-level gas turbine due to the rising demand for energy conservation and emission reduction [1] . Therefore, it is to further improve the performance of gas turbine without adding extra complexity in the industry field.
The combustion progress is based on conventional approximate iso-pressure combustion in simple cycle-based gas turbine followed Brayton cycle. The large entropy generation in approximate iso-pressure combustion brings great loss to the combustor performance, and limits the improvement of cycle efficiency [2] . Many advanced combustion technologies including detonation [3] , [4] , shockless explosion [5] , wave rotor [6] - [11] and resonant pulse [12] were developed to break through the limit in the past decades.
As an advanced combustion method, rotating detonation combustion has many advantages compared to the conventional approximate iso-pressure combustion, such as low entropy increase, self-pressurization, self-sustaining propagation, low emission, and wide working range [13] - [15] . Since the 1990s, many experimental and numerical studies on rotating detonation combustion have been widely carried out in various research institutions around the world. Nowadays, detonation cell structure [16] , [17] , rotating detonation combustion flow field research including wave evolution characteristics [18] - [20] and stability [21] , [22] , propulsion performance of CRD combustor [23] - [27] , and the thermodynamic characteristics of CRD combustion field [28] - [30] have been the current research hotspots.
In recent years, with the occurrence of the bottleneck in gas turbine developing course, a series of studies about the impact of detonation combustion on gas turbine cycle performance were carried out. And it has been found that detonation combustion had a positive effect on gas turbine cycle performance. The US Naval Research Laboratory reported that a rotating detonation engine had an increase of 10% in power output while reducing 25% of fuel, which means a saving over 300 million dollars per year [31] . With air jet on the outside of CRD combustor, Naples et al. [32] found that fluctuation range of combustor outlet static pressure could be reduced by 60%-70%. And in the combination with the T63 gas turbine using hydrogen as the fuel, the cycle efficiency of the rotating detonation gas turbine is better than that of the conventional gas turbine in the 60%-90% design conditions [33] . Wolański [34] tested the CRD combustor with GTD-350 engine on bases of the three-dimensional simulation of CRD combustor using kerosene-hydrogen-air mixed fuel. And showed that application of the rotating detonation to GTD-350 engine resulted in an increased efficiency. Sousa et al. [35] presented a simplified thermodynamic cycle using hydrogen as fuel including three-dimensional CRD combustor and supersonic turbine model. They found the efficiency enhancement was above 5% at low pressurization ratios, but this enhancement disappeared at high compression ratios. Zhao et al. [36] established thermodynamic cycle model of detonation combustion for marine gas turbine and found cycle efficiency and specific power gains were over 20% when the compressor pressure ratio ranged from 13 to 30.
To the best of authors' knowledge, most of the present researches on detonation combustion engine cycle focused on the fuel which was difficultly applied to the gas turbine, such as hydrogen, ethylene, etc. And the limited research on detonation engine cycle using industrial fuel such as methane and diesel ignored the feature of rotating detonation and only utilized the pure detonation theory, making it difficult to accurately describe the performance of rotating detonation gas turbine. Therefore, in this paper, a thermodynamic cycle model of rotating detonation gas turbine was established using methane as fuel and considering the effects of temperature on specific heat capacity. Combined with a series of two-dimensional numerical simulations, variations of CRD combustor pressure gain characteristic and its influence on cycle performance were investigated compared with those of prototype industrial gas turbine at different compressor pressure ratios and air distribution proportions.
II. METHODOLOGY
A. CYCLE SCHEME Fig. 1 shows the cycle scheme of gas turbine with two combustion modes (conventional approximate iso-pressure combustion and rotating detonation). Compared with conventional gas turbine cycle, the conventional approximate isopressure combustor was replaced by CRD combustor and mixer in rotating detonation gas turbine cycle. In rotating detonation gas turbine cycle, air of the compressor outlet was divided into two parts in the gas turbine cycle based on rotating detonation: one entered into the CRD combustor to participate in combustion and the other entered into the mixer at the back of CRD combustor to decrease the turbine inlet temperature.
B. PHYSICAL MODEL AND COMPUTATIONAL DOMAIN OF crd COMBUSTOR
There was usually inevitable loss in compressor, combustor and turbine in the actual operation of gas turbine. Concerning this issue, the actual T -S diagrams (as shown in Fig. 2 ) respectively represented the thermodynamic cycles of conventional gas turbine and rotating detonation gas turbine were researched in this section.
For the thermodynamic cycle of conventional gas turbine, the parameters were calculated for reference based on a prototype gas turbine(power generation is about 7400 kW in the design condition). The gas turbine was working at ground environment where the flight Mach number and altitude were 0, the atmospheric pressure was 1atm. The model VOLUME 6, 2018 FIGURE 2. T-S diagrams of marine gas turbine of different combustion process.
TABLE 1.
Combustor inlet parameters of prototype gas turbine.
information of rotating detonation gas turbine cycle will be mainly described.
1) COMPRESSOR MODEL (1→2)
It was assumed that the mass flow rate of air g a , compressor inlet temperature T * 1 , compressor inlet pressure P * 1 , compressor efficiency η c and compressor pressure ratio π c were known, compressor temperature ratio τ , compressor outlet temperature T * 2 and compressor outlet pressure P * 2 of compressor could be obtained by,
where H * 1 and H * 2 are the enthalpies at state points of 1 and 2. H * 2s is the ideal enthalpy in isentropic condition. As the parameters of compressor outlet were the same in the two cycles, compressor pressure ratio, compressor outlet temperature, compressor outlet pressure, mass flow rate of fuel g f , mass flow rate of air g a were calculated in the 100% load (design condition) ∼80% load of the prototype gas turbine, as shown in Table 1 .
The efficiency characteristic of compressor was referenced from universal characteristic lines, obtained in [37] and [38] .
2) RDC COMBUSTOR MODEL (2→3C)
As the prediction of the outlet parameters of CRD combustor was a difficult problem at present, the numerical simulation method was applied in the solving progress of RDC combustor, by using ANSYS Fluent. The premixed CRD combustor was simplified to a two-dimensional rectangular model (800mm × 200mm). The detailed simplified approach can be found in [39] and [40] . Considering the complex chemistry reaction in detonation and the basic assumptions of compressible ideal gas, the density based Navier Stokes solver was applied to solve the two-dimensional unsteady Euler Equation. The viscosity and thermal diffusion were ignored and the detailed numerical method and equation were presented in [28] . Besides, ignition progress was carried out by using an instantaneous CJ ignition kernel. Fig. 3 shows the numerical result of flow fluid in CRD combustor, including complex waves (such as detonation wave A and oblique shock wave B) and typical combustion field composition (mixing region C and discontinuity region D) which is in good agreement with the published results [28] , [41] , [42] . With the calculated parameters in numerical simulation, the combustion thermal efficiency η r and pressurization ratio π 3c of CRD combustor can be obtained as (4) and (5).
The grid size independence validation and time step independence validation were respectively carried out in Table 2 and Table 3 . The chooses of grid size i and time step t referenced [28] . It can be easily found from the tables that the numerical results will be independent when the grid size is 1.0mm and time step is 0.2µs.
where P * 3c and H * 3c are the outlet total pressure and outlet total enthalpy at the state point of 3c (mass-weighted average values), and Q in represents the heat release of fuel.
3) MIXER MODEL (3C→3)
The air ejector was used in the mixer to efficiently complete the mixing progress. The following assumptions are made in this model: The extension of the oblique shock at the back of CRD combustor was ignored which meant that there was no development of rotating detonation in the mixer. The mechanical loss was ignored and an adiabatic process was considered in the mixer. In addition, the ideal mixing process was treated as a transient process, with the conserved volume flow rate. The related parameters can be obtained by
where g a,c is mass flow rate of combustion air, g a,m is mass flow rate of mixing air, and P * 3 , T * 3 , π 3 respectively represent total pressure, total temperature and compositive pressure ratio at the state point of 3.
4) TURBINE MODEL (3→4)
It was assumed that the loss coefficient of exhaust pressure ξ out was known, and expansion ratio π t and efficiency η t of turbine were,
where H * 3 and H * 4 are the enthalpies at state points of 3 and 4. H * 4s is the ideal enthalpy in isentropic condition. Based on the above models and the necessary iterative computations, the following thermodynamic cycle performance parameters can be obtained.
Entropy generation in CRD combustor S 3c :
Entropy generation in CRD combustor and mixer S 3 :
Power generation L E : (13) where T * 4 is the total temperature at state point of 4. Cycle efficiency η:
Cycle efficiency increasing rate w η :
The efficiency characteristic of turbine was referenced from universal characteristic lines, obtained in [37] and [38] . In addition, it was assumed that the fuel of gas turbine can be completely combusted, the main composition of gas included CO 2 , H 2 O, N 2 , and O 2 . In view of the additivity of C P for the mixed gas, the following equation was used.
where A is coefficient related to composition, obtained in [43] . The enthalpy of each point was calculated by
where T ref is reference temperature, 288.15K.
III. RESULTS AND DISCUSSION
A. WORKING PROGRESS IN CRD COMBUSTOR Fig. 4 shows temperature and entropy shadowgraphs containing the typical path lines at 5760µs. The left and right boundaries were the periodic boundaries and the flow fluid was in a relative state at the moment [29] , [44] . As shown in Fig. 4(a) , path line x only passed through the detonation wave, path line y passed through the oblique shock wave after detonation wave and path line z passed through the mixing regions including detonation and deflagration. As shown in Fig. 4(b) , entropy of working fluid obviously VOLUME 6, 2018 FIGURE 5. Total pressure of CRD combustor cross-section in the axial direction at 5760µs.
increased after passing through the oblique shock wave and deflagration. It meant that the pressure gain characteristic in CRD combustor would be weakened compared with that in the pure detonation process. Fig. 5 shows the total pressure, total temperature and entropy generation of the CRD combustor cross-section in the axial direction at 5760µs. The total temperature rapidly increased at L = 0mm ∼ 100mm, and kept stable at L = 100mm ∼ 200mm due to the end of chemical reaction at L = 100mm. The maximum total pressure appeared at L = 90mm, and gradually decreased with the appearance of the oblique shock wave. The entropy generation had the similar trend to that of total temperature at L = 0mm ∼ 100mm, but there was a continuous weak uptrend brought by the oblique shock wave, as shown in Fig. 5 .
The computational time of the CRD simulation was 8000µs. The propagation velocity and period t rot of detonation wave were respectively 1810.1m/s and 441.96µs. Fig. 6 shows the variation of mass-weighted average total pressure and temperature of the CRD combustor outlet with time. It can be seen the two parameters changed periodically with the developing of flow fluid, and one period corresponded to the two propagation periods of detonation wave. Therefore, arithmetic average values of those mass-weighted average values in four periods were calculated to investigate the performance of CRD combustor.
B. VARIATION OF PRESSURE GAIN CHARACTERISTIC AND ITS INFLUENCE ON CYCLE PERFORMANCE AT DIFFERENT COMPRESSOR PRESSURE RATIOS
As presented in the former, the outlet air of the compressor was divided into two parts in rotating detonation gas turbine: one entered into the CRD combustor to participate in combustion and the other entered into the mixer. Table 4 presents the related parameters of mass flow rate (including mass flow rate of combustion air g a,c , mass flow rate of mixing air g a,m and the distribution proportion of the two g a,m /g a,c ) at different compressor pressure ratios when the equivalent ratio of CRD combustor is 1. Fig. 7 shows the variations of outlet parameters including average static temperature T 3c , average total temperature T * 3c , average static pressure P 3c and average total pressure P * 3c of CRD combustor. It can be found that all the four parameters decreased with the decrease of compressor pressure ratio. With the decrease of compressor pressure ratio from 13.66 to 12.17, T 3c and T * 3c decreased from 2253.30K, 2610.82K to 2237.24K, 2592.20K. P 3c and P * 3c decreased from 0.9361MPa, 2.1014MPa to 0.8654MPa, 1.9234MPa. Combustion thermal efficiency and pressurization ratio of CRD combustor are the key parameters in gas turbine cycle. According to (4) and (5), the two parameters at different compressor pressure ratios were gained, as shown in Fig. 8 . It can be seen that the pressurization ratio of CRD combustor π 3c had the uptrend with the decrease of compressor pressure ratio. When the compressor pressure ratio decreased from 13.66 to 12.17, π 3c changed from 1.5482 to 1.5908, with an increase of 2.8%. This could be explained in a numerical view that with the decrease of combustor inlet temperature, the pressure and temperature jump across the detonation front increased, and consequently contributed to a higher pressure gain [35] , [45] . Meanwhile, the combustion thermal efficiency of CRD combustor η r showed no obvious change at different compressor pressure ratios, all beyond 0.9962, reaching to the level of existing conventional gas turbine combustor.
1) PRESSURE GAIN CHARACTERISTICS OF CRD COMBUSTOR AT DIFFERENT COMPRESSOR PRESSURE RATIOS
To further investigate the reason for the change of pressure gain characteristic in a thermodynamics view, entropy generation S of CRD combustor was calculated at different conditions. Due to the influence of the different temperature on the entropy, entropy generation of ideal iso-pressure combustion in the same compressor pressure ratio was brought to compare with that of CRD combustion. As the outlet total temperature have the little difference at the same compressor pressure ratio, the outlet total pressure can be reflected by the change of the two entropy generations. The detailed explanation about the relationship of pressure, entropy and available energy can be found in [28] . Fig. 9 shows the related parameters of the entropy generation. It can be seen that both the entropy generation of CRD combustion S 3c and entropy generation of ideal iso-pressure combustion S 3i had uptrends with the decrease of compressor pressure ratio, but trend of the latter was more obvious. In addition, the difference of entropy generation between the two modes of combustion S 3c had the same trend, that is to say, the saving available energy loss of CRD combustion compared with ideal iso-pressure combustion gradually increased. At π c = 13.66, the change of entropy generation was 134.38J/kg · K, and it increased to 142.76J/kg · K at π c = 12.17. Therefore, the variation of pressurization ratios in the former paragraph can be matched with this changing trend and explained in a thermodynamics view. Fig. 10 presents the variations of CRD combustor outlet static pressure P 3c and compressor outlet total pressure P * 2 . Although the outlet total pressure of CRD combustor was higher than that of compressor due to the existence of pressure gain characteristic, the outlet static pressure of CRD was lower than outlet total pressure of compressor. Therefore, the mixer using air ejector can be brought to decrease the inlet temperature of the turbine, which made the CRD combustor outlet gas mix with the compressor outlet mixing air. Fig. 11 shows the variations of the mixer outlet total pressure P * 3 , compositive pressure ratio π 3 of CRD combustor and mixer, and outlet total pressure of prototype combustor P * 3,0 at different compressor pressure ratios. Compared with π 3c , π 3 decreased by a large margin to 1.39 ∼ 1.40, having a decrease over 10%. But there was still an obvious pressure gain compared with that in prototype combustor. Besides, a weak uptrend of π 3 was presented with the decrease of compressor pressure ratio. The reason for this phenomenon can be explained that the mounting pressurization ratio of CRD combustor and the mounting mass flow rate of mixing air finally led to a relatively stable changing trend of compositive pressure ratio. In addition, there is little difference between outlet total temperature of mixer and that of prototype combustor at the same compressor pressure ratio. They all ranged from 1338K ∼ 1423K in the five conditions. The difference S 3 between S 3,0 (entropy generation in the combustor of prototype gas turbine) and S 3 (entropy generation in CRD combustor and mixer) was calculated to further explain the loss of available energy, as shown in Fig. 12 . The variation of π 3 can be explained by the uptrend of S 3 with the decrease of compressor pressure ratio, which led to the increase of saving available energy loss and made great effect on the cycle parameters such as power generation and efficiency. Fig. 13 and Fig. 14 present variations of power generation and cycle efficiency at different compressor pressure ratios. With the decrease of compressor pressure ratio, power generation in rotating detonation gas turbine cycle decreased from 9393.86 kW to 7731.91 kW. The difference L E between power generation of rotating detonation gas turbine L E and power generation of prototype gas turbine L E,0 had already reached to 1977.61kW at π c = 13.66. The cycle efficiencies of rotating detonation gas turbine were all beyond 0.4 in the five calculated conditions. And with the decrease of compressor pressure ratio, the difference η between cycle efficiency of rotating detonation gas turbine η and cycle efficiency of prototype gas turbine η 0 became more and more obvious. With the decrease of π c from 13.66 to 12.17, the relative increasing rate of efficiency w η in rotating detonation gas turbine cycle increased from 26.66% to 30.32% compared with that in prototype gas turbine cycle.
2) VARIATIONS OF CYCLE PARAMETERS AT DIFFERENT COMPRESSOR PRESSURE RATIOS

C. VARIATION OF PRESSURE GAIN CHARACTERISTIC AND ITS INFLUENCE ON CYCLE PERFORMANCE AT DIFFERENT AIR DISTRIBUTION PROPORTIONS
In order to improve the mixing effect of the mixer with air ejector, the air distribution proportion was changed to decrease the outlet static pressure of CRD combustor. With regard to this problem, the variation of compositive pressure ratio at different air distribution proportions and its influence on the cycle performance were detailed investigated in this section. The equivalence ratio ϕ of CRD combustor was immediately affected by air distribution proportion, and the detailed air distribution programs were presented in Table 5 . Fig. 15 and Fig. 16 show the variations of the outlet static pressure P 3c and the outlet static temperature T 3c of CRD combustor at different equivalence ratios. P 3c decreased with decrease of equivalence ratios, as shown in Fig. 15 . When the equivalence ratio decreased to 0.6, P 3c respectively had the decreases of 3.15%, 9.17%, 9.55% compared with those when the equivalence ratio was 1 at the three compressor pressure ratios. T 3c also had the downtrend with the decrease of equivalence ratio, as shown in Fig. 16 . When the equivalence ratio decreased to 0.6, the outlet static temperature all decreased by about 550K compared those when the equivalence ratio was 1, respectively reaching to 1708.38K, 1690.26K, 1677.7K at the three compressor pressure ratios, which obviously reduced the heat load of the combustor and mixer. Fig. 17 presents variation of the pressurization ratio at different equivalence ratios. The pressurization ratio decreased VOLUME 6, 2018 with the decrease of equivalence ratio but the trend slowed down gradually. When the equivalence ratio decreased to 0.6, the pressurization ratio respectively decreased to 1.3968, 1.3842, 1.3724 at the three compressor pressure ratios. To further explain the reason of the former phenomenon in thermodynamics, the related parameters of entropy were calculated at different equivalence ratios. As shown in Fig. 18 , the difference of entropy generation between the two modes of combustion decreased with the decrease of equivalence ratio, and the saving available energy loss of CRD combustion compared with ideal iso-pressure combustion gradually decreased, which led to a decreasing pressurization ratio.
1) PRESSURE GAIN CHARACTERISTIC OF CRD COMBUSTOR AT DIFFERENT AIR DISTRIBUTION PROPORTIONS
2) VARIATIONS OF CYCLE PARAMETERS AT DIFFERENT COMPRESSOR PRESSURE RATIOS
As the mass flow rate of the combustion air increased, the part of the mixing air decreased, so the change of compositive pressure ratio should be investigated in detail. P * 3 and π 3 decreased with the decrease of equivalence ratio at the three compressor pressure ratios, as shown in Fig. 19 . When the equivalence ratio decreased to 0.6, π 3 decreased to about 1.3, respectively having the decreases of 6.24%, 6.31%, 6.29% compared with those when the equivalence ratio was 1. This meant that, in no rich conditions, the loss of pressure gain characteristic brought by the air participating in rotating detonation was more than that brought by the air participating in mixing. In addition, the combustion thermal efficiencies were all beyond 0.9960 in the calculated cases. Fig. 20 presents the related parameters of entropy generation to further explain this phenomenon. Same as the former section, S 3 gradually decreased with the decrease of equivalence ratio, which could explain the variation of π 3 and have a great influence of cycle performance parameters.
Power generation decreased with the decrease of equivalence ratio, and when the equivalence ratio decreased to 0.6, the power generation decreased to 9100.92kW, 8282.12kW, 7470.61kW at the three compressor pressure ratios, respectively with the decreases of 3.12%, 3.31%, 3.38% compared with those when the equivalence ratio was 1. However, there were still the big increases compared with those of prototype gas turbine. As shown in Fig. 21 , L E were all beyond 1500kW, having the increases over 22.5%, compared with prototype gas turbine. Meanwhile, it also can be found that although the gradually decreased, the downtrend of L E became more and more slow with the decrease of equivalence ratio.
The cycle efficiency of rotating detonation gas turbine and the relative increase rate both decreased with the decrease of equivalence ratio. In all the calculated cases, the cycle efficiencies were beyond 0.3950 and the relative increase rates were over 22.72%. Besides, the downward trend of w η gradually slowed down, the same as that of L E in the former paragraph, as shown in Fig. 22 . It indicated that cycle efficiency and power generation were more and more insensitive for the gradually decreasing equivalence ratio. And this can also be explained by the change of available energy loss which was related to the variation of entropy generation shown in the Fig. 20 .
Although decreasing equivalent ratio had a negative effect on the power generation and cycle efficiency, the changing quantities were not obvious, and there was still a large advantage compared with the prototype gas turbine. Meanwhile, with the decrease of equivalence ratio: The outlet static temperature of CRD combustor decreased which made great contribute to the choose of industrial materials; The outlet static pressure of CRD combustor decreased which made great contribute to the optimization design of mixer using air ejector. Thus, decreasing equivalence ratio can be a good way in the design of rotating detonation gas turbine cycle. However, the misfire phenomenon easily happened at low equivalence ratio in the present study, and in this study the CRD combustor self-sustaining spread cannot maintain in the CRD combustor when the equivalence ratio decreased to 0.5. Therefore, the different air distribution proportions of rotating detonation gas turbine should be further investigated in the future.
IV. CONCLUSIONS
A thermodynamic cycle model of rotating detonation gas turbine using methane as fuel and considering the effects of temperature on specific heat capacity was established. Combined with a series of two-dimensional numerical simulations, variations of CRD combustor pressure gain characteristic and its influence on cycle performance were investigated compared with those of prototype gas turbine cycle at different compressor pressure ratios and air distribution proportions. Based on the above discuss, the following conclusions are obtained.
(1) The difference of entropy generation between the two modes of combustion brought the pressure gain characteristic in CRD combustor, and finally contributed to a significant improvement of thermodynamic performance in rotating detonation gas turbine cycle compared to the conventional gas turbine cycle. The cycle efficiencies of rotating detonation gas turbine were all beyond 0.395, and the power generation enhancements were all greater than 1790kW in the calculated conditions.
(2) With the decrease of compressor pressure ratio, pressurization ratio of CRD combustor increased and finally contributed to an increasing cycle efficiency enhancement and a decreasing generation enhancement. With the decrease of compressor pressure ratio from 13.66 to 12.17 when the equivalence ratio of CRD combustor was 1, the pressurization ratio increased from 1.5482 to 1.5910, cycle efficiency enhancement rate increased from 26.66% to 30.32%, and power generation enhancement decreased from 1977.61kW to 1789.91kW.
(3) With the increase of air proportion entering in CRD combustor (the equivalence ratio of CRD combustor decreased), pressurization ratio, compositive pressure ratio, power generation and cycle efficiency all gradually decreased. It indicated that, in no rich conditions, the loss of pressure gain brought by the air participating in rotating detonation was more than that brought by the air participating in mixing. When the equivalence ratio decreased from 1 to 0.6: The power generation decreased by only 3%. The power generation enhancements were all beyond 1500kW and the cycle efficiency enhancement rates were all beyond 22.5% compared with those of prototype gas turbine. But both cycle efficiency and power generation were more and more insensitive for the gradually decreasing equivalence ratio.
